INTRODUCTION
Construction and Demolition Waste (CDW) consists of a heterogeneous mix of materials such as concrete, mortar, mineral aggregates, bricks, tiles, bitumen, ferrous, plastic, wood and organic lightweight particles (European Commission, 2016) . Each year more than 800 million tonnes of CDW (including excavated soil) are generated across EU (European Commission, 2017) . The vast amount of CDW is deposited to landfills since most existing buildings were not designed for easy disassembly and reuse (Sassi, 2002) . In addition, most recovered CDW is confined to low grade applications (e.g. recycled aggregate used for pipe bedding or subbase and base course in road pavement construction) despite the fact that some of its constituents have a high resource value. However, EU Waste Framework Directive 2008/98/EC (European Commission, 1998) requires from all member states to achieve at least 70% re-use, recycling or other recovery of non-hazardous CDW by 2020. Consequently, the development of reliable strategies and innovative technologies is required in order to:
 Promote the use of CDW-derived materials in high grade applications  Increase the percentage of CDW-derived materials in new prefabricated building elements and components  Reduce the amount of future CDW coming from the next generation of buildings  Reduce construction industry's CO2 footprint  Reduce consumption of natural resources
The above challenges can be met by adopting a number of Best Environmental Management Practices (BEMP) such as: (a) CDW management plans, (b) economic instruments, (c) site waste prevention and logistics strategies, (d) prevention and collection, (e) site waste management plans, (f) Efficient use of materials, (g) building deconstruction, (h) re-use of materials, (i) waste treatment and material recovery, (j) quality assurance schemes and (k) recycling and recovery of gypsum plasterboards (Galvez-Martos et al., 2018) .
CDW processing and recycling techniques significantly evolved over the last few decades. However, the nature of the final CDW-derived materials and their market value vary significantly. A typical CDW treatment plant will mainly produce mineral aggregate while other types of CDW such as metals, wood, glass and plastics require further treatment. From well sorted CDW, good quality coarse recycled aggregates can be produced, which can then be used in high grade applications such as partial replacement of virgin aggregate in structural concrete (Wijayasundara, Mendis & Crawford, 2017) , (Wijayasundara, Mendis & Crawford, 2018) , (Galvez-Martos et al., 2018) . This paper aims to provide an outline of the efforts of the RE 4 project (RE 4 project, 2018) consortium in developing prefabricated building elements (structural and nonstructural) and components which incorporate at least 65% by weight of CDW-derived materials. In addition, it provides information on the use of these products for building a 2-storey demonstration residential building in two different locations plus refurbishing an existing one in a third location across Europe. Finally, it describes the Life Cycle Sustainability Assessment (LCSA) methods to be used for evaluating some of the above developed prefabricated products.
BENEFITS OF PREFABRICATION AND MODULAR DESIGN

Prefabrication
Prefabricated elements and components differ from the ones made on-site as the former are manufactured under factory conditions and then transported to construction sites. This has many benefits such as better quality control, shorter construction times, reduced costs, reduced site disruption (i.e. less noise, pollution and waste) and improved health and safety conditions for construction workers and local residents (NHBC Foundation, 2016) , (NHBC Foundation, 2018) .
Modular design
In addition to the development of building elements (structural and non-structural) containing large amounts of CDW-derived materials, the prefabricated elements are designed for re-use at the end of their design life. To achieve this, the designed buildings within the scope of RE 4 are to be modular, where each 'module' (beam, column, slab, façade panel, etc.) can be removed and re-used later in its design life. This presents a series of challenges which include the following:
 Ensuring all elements and components comply with existing structural design codes and building regulations  Using reversible mechanical connections for easy assembly and disassembly  Limiting the size of elements and components for standard lorry delivery to site  Ensuring ease of maintenance, repair or replacement  Developing a Building Information Modelling (BIM)-compatible tool for CDW estimation and management All developed elements/components were deemed suitable for modular design. Foundations did not form part of this study as these are typically cast in-situ.
INCREASING THE % OF REUSED AND RECYCLED CDW
The use of CDW-derived aggregates in concrete, for example, is already permitted and standardised. Currently, EN 206 (2013+A1:2016) and EN 12620 (2013) limit the maximum amount of coarse recycled aggregates up to 50%, depending on exposure conditions. However, this limits the recycling potential of CDW. Raw CDW first needs to be treated in order to become suitable for use as recycled aggregate. This involves removing defective particles such as floating particles, clay and soil, ferrous metals and gypsum. However, to increase the recycling rate, the amount of fractions such as ceramics (bricks & tiles), bitumen, glass, and non-floating wood present in treated recycled aggregate must also be reduced (Figure 1 
Improving the quality of CDW aggregates
To further increase recycling rates, attempts have been made to improve the quality of the CDW aggregates. For fine aggregates (≤ 2 mm), sand obtained after wet processing of CDW is dewatered and fed into a series of attrition cells (at 80% solids concentration) where it is scrubbed clean (Figure 2 a) . Next, the sand is separated based on density. This is done by diluting the sand with water and pump it to the top of a spiral separation column (Figure 2 b ).
As the sand flows through the spiral column, lighter particles tend to migrate towards its outer edge, whereas heavier particles remain close to the centre of the column.
When the particles reach the bottom of the column, they are collected and separated by density to the user's requirements. For coarse aggregates (≥ 8 mm), a fully automated robotic sorting system (Figure 2 c) has been developed for removing the remaining defective particles (bricks, tiles, plastics, glass, non-floating wood etc.). These particles are detected on a real time basis using advanced optical and electronic equipment which employs Near Infra-red (NIR) Reflectance Spectroscopy. The defective particles are then removed using a robotic arm. Currently, the production rate stands at 100 kg/h. 
Valorisation of ceramic fraction
In order to avoid disposal of the ceramics fraction successfully removed from the CDW waste stream, two potential uses were investigated. Initially, bricks and tiles were ground to a fine powder to be used as a precursor for the development of Portland Cement-free binders. The fine powder was then activated using sodium oxide (Na2O) and sodium silicate (Na2SiO3) solutions (Reig et al., 2013) , (Komnitsas et al., 2015) , (Robayo-Salazar, Rivera & Mejia de Gutierrez, 2017), (Wong et al., 2018) . The water/binder (w/b) ratio of all mixes was fixed at 0.37. Depending on the concentration of the activating solutions, mortar samples reached compressive strength values of up to 30 MPa at 28 days. The use of ceramics in the manufacture of floor and wall tiles was also investigated. This was achieved by mixing the fine ceramic powder with resin and then allow it to harden inside moulds. The grading of the ceramic powder and the resin/ceramic powder ratio were investigated to achieve the desired workability and strength values. The optimised mix recipe was evaluated in terms of its physical (water absorption) and mechanical (flexural and compressive strength) performance.
RECYCLING AND USE OF CDW IN STRUCTURAL ELEMENTS
Concrete
Concrete was chosen as the main material for designing structural elements such as beams, columns, slabs and sandwich panels due to its versatility, immense strength, performance and cost. The types of concrete developed are shown in Table 1 and include 2 types of concrete mixes: vibrated (Figure 3 a) and self-compacted (Figure 3  b ). After casting a number of trial mixes, the developed concretes achieved the required fresh, hardened and durability properties set by the manufacturers within the Project. Virgin aggregate replacement varied between 40% and 100% depending on the size and source of the recycled aggregate and the type of developed concrete. 
Reclaimed timber
A complete methodology for making structural and non-structural elements from CDW timber was developed. Different methods for the procurement and characterisation of CDW timber were used to obtain raw materials that can be strength graded according to existing European norms and national standards. As a precondition, CDW timber must be free from wood paints and preservatives, fungal/insect infestation and other forms of serious damage. The absence of wood paints and preservatives needs to be verified by an accredited laboratory, whereas infected or damaged areas need to be identified and removed. On-site visual inspection is usually employed to determine the existence and extent of fungal/insect infestation and/or other forms of damage. In addition, it is used to determine the nature and moisture content of CDW timber. Literature data on the other hand, can be used to estimate the raw density of CDW timber in case no information is available regarding its origin. Next, impurities and foreign objects (e.g. metal fittings and preservatives) must be removed for assessing CDW timber in terms of dimensions, location of cracks and slope of grain. Timber elements are then cut or planed to standard cross-section sizes in accordance with DIN 4074-1 (2012). This in turn, leads to the respective strength class in accordance with EN 338 (2016). The above procedure enables the effective re-use and recycling of CDW timber with minimal loss in performance for making new structural elements (Cavalli et al., 2016) .
Depending on the nature of the CDW timber element, its state of conservation and final strength grade, several strategies can be adopted for its re-use as shown below:
 Complete re-use of the CDW timber element using minimum amount of processing  Processing which leads to standard-size cross-sections (  Figure 4 a and In the case of glulam timber beams, a characteristic bending strength of 24 MPa (i.e. glulam strength class GL24) should be reached in accordance with EN 14080 (2013). If CDW timber is deemed not to be suitable for use in structural elements, then it can still be recycled and used for making non-structural elements (e.g. cladding or wood fibre insulation). Because of its versatility and potential use as raw material for making a large number of structural and non-structural elements, the recycling rate of CDW timber is very high.
RECYCLING AND USE OF CDW IN NON-STRUCTURAL ELEMENTS AND COMPONENTS
CDW mineral aggregate for the production of building blocks
A semi-dry concrete mix was developed for making building blocks to be used in nonstructural elements such as internal partitions and external non-load bearing walls. Net dry density (2000 kg/m 3 ) and compressive strength (7.3 MPa at 28 days) were used as performance indicators (Concrete Block Association, 2017). Full replacement of virgin aggregate by CDW aggregate was achieved, while complying with fresh density and compressive strength requirements. However, for environmental and financial reasons (i.e. increase in the amount of Portland cement used in the mix for maintaining the required strength) the replacement level of virgin aggregate by CDW aggregate was set at 70%.
CDW mineral aggregate for the production of roof tiles
The substitution of virgin aggregates by CDW mineral aggregates was also investigated in extruded tiles. The extrusion process was based on the use of fine mineral aggregate (0-2 mm) and a CEM II/B-LL 32.5 R cement. By replacing 50% of the virgin aggregates with mineral CDW, a mix prepared with 1-part cement and 3parts sand, with a w/b ratio of 0.3 satisfied all requirements set by relevant standards.
Lightweight particles for the production of insulating concretes
Used lightweight CDW particles were small in size (≤ 4 mm) and were made of rigid plastics or mixed wood/plastics. RE 4 attempted to utilise these fractions in the development of insulating concretes having low thermal conductivity. The target properties used for the development of lightweight Portland Cement (PC) concrete and the optimised mixes meeting those targets are shown in Table 2 . Depending on the source, rigid plastics or mixed wood/plastics could replace up to 70% and 50% of the natural fine aggregate fraction, respectively. Lightweight particles for the production of insulation panels Lightweight particles i.e. rigid plastics and wood scraps were also used for making insulation panels. For panels made using rigid plastics, the plastic particles were mixed with polyurethane (PU) foam, already a well-established insulation material. The plastic particle content of the mix was varied from 5% to 50% by volume to create panels of different density values. Best performance in terms of density and thermal conductivity values was observed when the plastic content was set at 5%. For panels made using wood fibres, a wet process was implemented. The wood was first soaked in water. Next, it was compacted into moulds and kept under high pressure and temperature (autoclave) until it was dried. To improve their fire resistance, prior to making the panels, the wood was mineralised by injecting a MgO solution into it under a pressure of 8 bar. Based on the temperature and duration of the manufacturing process adopted, wood panels were classified into 3 different apparent density classes (215 ± 10 kg/m 3 , 300 ± 10 kg/m 3 and 325 ± 10 kg/m 3 ).
DEMONSTRATION BUILDINGS
Two sites across Europe (Northern Ireland and Spain) have been identified between Project partners to be used for constructing full-scale 2-storey demonstration residential buildings. Table 3 provides details of the elements to be used in the construction of the above demonstration buildings. Table 3 . Types of elements (structural and non-structural) and components to be used in the construction of 2-storey demonstration residential buildings.
Type of Element/Component  Reinforced concrete beams  Reinforced concrete columns  Reinforced concrete slabs  Reinforced concrete stairs  Structural sandwich panels 1  Non-structural sandwich panels 2  Concrete building blocks  Timber façades  Timber based inner partitions  Wood fibre insulation panels  Rigid plastic insulation panels  Extruded roof tiles 1. Structural sandwich panels consist of two layers of steel reinforced C40/50 self-compacted concrete and a layer of PIR insulation. 2. Non-structural sandwich panels consist of one layer of steel reinforced C40/50 self-compacted concrete, one layer of PIR insulation and one layer of textile reinforced high performance concrete.
In addition to the above 2 sites, a third demonstration site in Italy will be used to evaluate the thermal performance of a ventilated façade developed for use in refurbishment projects.
LIFE CYCLE SUSTAINABILITY ASSESSMENT (LCSA)
RE 4 project aims to provide a comprehensive strategy for the sustainable management and use of CDW as raw material in the development of prefabricated elements (structural and non-structural) and components. It aims to reduce CO2 emissions (by at least 30%), create energy savings (by at least 20%), improve resource efficiency (developed products containing at least 65% by weight of CDW-derived materials), generate less waste (thanks to elements designed for easy disassembly at the end of their design life) and reduce the amount of CDW deposited to landfills (thanks to improved recycling/reuse rates). Life Cycle Sustainability Assessment (LCSA) methods will be employed for performing a sound verification of the obtained results. During application of LCSA, all environmental, social and economic impacts and/or benefits of the developed RE 4 products throughout their life cycle will be taken into account and compared against benchmark commercial products. More specifically, the main challenge of RE 4 project will be to define the individual environmental, economic and social impacts of developed elements as well as an innovative method for integrating all the above results. The latter task will be performed through the definition of a framework for LCSA, which will combine the results of the Environmental Life Cycle Assessment (E-LCA), Social Life Cycle Assessment (S-LCA) and Life Cycle Costing (LCC). In this regard, LCSA can be used as a guide by construction industry stakeholders for conducting sustainability comparisons between different types of prefabricated systems. LCSA will be performed on 6 different types of RE 4 building elements (structural and non-structural). Each element will be compared against a reference state-of-the-art conventional element. Both RE 4 and conventional elements have been designed taking into account the different energy requirements of the 3 demonstration sites which are determined by Northern or Southern Europe climatic conditions. The RE 4 elements to be evaluated consist of the following:
 Table 4 provides details of the above 6 types of elements to be used for performing the LCSA. Description: Timber studs, top and bottom plates, weatherboards, wood fibre insulation and wood fibre boards are made of reused or recycled timber. Earth plaster is made of CDW sand and virgin clayey soil (binder). Due to the use of reversible connections the façade can be fully reused. Functional Unit: m 2 of panels with the same thermal transmittance (U-value: 0.14 W/m 2 K).
Timber façade panel (Non-load bearing for warm climate)
Description: Timber studs, top and bottom plates, weatherboards, wood fibre insulation and wood fibre boards are made of reused or recycled timber. Commercial earth blocks are used to increase the performance during summer months. Earth plaster is made of CDW sand and virgin clayey soil (binder). Due to the use of reversible connections the façade can be fully reused. Functional Unit: m 2 of panels with the same thermal transmittance (U-value: 0.25 W/m 2 K). 
CONCLUSIONS
The main aim of RE 4 project is the development of prefabricated building elements (structural and non-structural) and components which incorporate at least 65% of CDW-derived materials. In order to achieve the above target, new technologies had to be developed for improving the treatment process of raw CDW and hence the quality of CDW-derived materials. A comprehensive testing regime was then used to ensure that CDW-derived materials comply with existing European structural design norms and national building codes regarding their physical, mechanical and durability properties. Next, a large number of building elements and components was developed based on the above CDW-derived materials. In addition, modular design of developed elements and components was employed to ensure ease of reuse and recycling at the end of their design life. Over the coming months, a comprehensive LCSA will be performed on a number of selected elements with the aim of quantifying the environmental, social and financial benefits of the above approach. Next, full-size elements and components will be made and evaluated by building a number of 2-storey demonstration residential buildings in Northern Ireland and Spain. Following this, a definition of quality classes of CDW-derived materials for use in different applications will take place. Developed quality classes can then be included in updated versions of structural design norms and building codes leading to a wider use of CDW-derived materials by the construction industry. Consequently, reducing the amount of CDW coming from the next generation of buildings.
